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Treatment of diabetes-impaired wound healing remains a
major unresolved medical challenge. Here, we identified sup-
pressed formation of a novel reparative lipid mediator
14S5,21R-dihydroxydocosa-4Z,77,10Z,12E,16Z,19Z-hexaenoic
acid (14S,21R-diHDHA) in cutaneous wounds of diabetic
db/db mice. These results indicate that diabetes impedes the
biosynthetic pathways of 14S,21R-diHDHA in skin wounds.
Administration of exogenous 14S,21R-diHDHA to wounds in
diabetic animals rescued healing and angiogenesis. When
db/db mesenchymal stem cells (MSCs) were administered to-
gether with 14S5,21R-diHDHA to wounds in diabetic animals,
they coacted to accelerate wound re-epithelialization, granula-
tion tissue formation, and synergistically improved vascular-
ization. In the pivotal cellular processes of angiogenesis,
145,21R-diHDHA enhanced VEGF release, vasculature forma-
tion, and migration of db/db dermal microvascular endothelial
cells (DMVECs), as well as remedied paracrine angiogenic
functions of db/db MSCs, including VEGF secretion and the
promotion of DMVEC migration and vasculature formation.
Our results show that 145,21R-diHDHA activates the p38
MAPK pathway in wounds, db/db MSCs, and DMVECs. Over-
all, the impeded formation of 14S,21R-diHDHA described in
this study suggests that diabetes could affect the generation of
pro-healing lipid mediators in wound healing. By restoring
wound healing and MSC functions, 14S,21R-diHDHA is a new
lead for the development of better therapeutics used in treat-
ing wounds of diabetics.

Millions suffer from diabetes-impaired wound healing (1).
Reports have documented that dysregulated cellular and mo-
lecular processes are responsible for this impairment in
wound healing. Impaired vascularization or angiogenesis has
been confirmed to be one of the most important etiologies for
impaired healing of diabetic wounds (1, 2). Hence, rescuing
impaired angiogenesis is a reasonable approach to enhance
wound healing in diabetics (1).

* This work was supported by National Institutes of Health Grant
1TR01DK087800 (to S. H.) and by the Start-up Fund from the Neuroscience
Center of Excellence, LSUHSC-NO (to S. H.).

51 The on-line version of this article (available at http://www.jbc.org) con-
tains supplemental Figs. S1-S6.

" To whom correspondence should be addressed: Center of Neuroscience
Excellence, Louisiana State University Health Sciences Center, Lions Bldg.,
2020 Gravier St., Ste. D, New Orleans, LA 70112. Tel.: 504-599-0838; Fax:
504-599-0891; E-mail: shong@Isuhsc.edu.

FEBRUARY 11, 2011+VOLUME 286+NUMBER 6

Lipid-derived molecules also may play important roles as
mediators in wound healing and angiogenesis. As shown from
our lipidomic analysis, the essential fatty acid docosahexae-
noic acid (DHA)? is a relatively abundant endogenous lipid
component in blood and in wounded full-thickness skin.
DHA ameliorates complications of diabetes (3) and signifi-
cantly promotes wound healing (4). Resolvins, neuroprotec-
tins/protectins, and maresins are lipid mediators (LMs) that
are generated naturally from essential w-3 fatty acids, DHA,
and eicosapentaenoic acid, during acute inflammation and
have potent anti-inflammatory functions (5-9). Their discov-
ery established a new avenue toward unraveling the mecha-
nisms behind the beneficial effects of DHA. Neuroprotectin/
protectin D1 was found to enhance corneal wound healing
(10). Recently, we identified 145,21 R-dihydroxydocosa-
47,77,10Z,12E,162,19Z-hexaenoic acid (14S,21R-diHDHA), a
novel endogenous lipid mediator derived from DHA, in skin
wounds that is capable of promoting wound healing and an-
giogenesis (11).

However, diabetic hyperglycemia and the concomitant oxi-
dative stress damage DNA, proteins, and lipids in various tis-
sues resulting in dysfunction of cells and enzyme systems in-
volved in wound healing and LM biosynthesis (12-15).
Therefore, diabetic complications are likely to dysregulate the
biosynthesis of DHA-derived LMs in wound healing. Treat-
ments that counteract this dysregulation may improve dia-
betic wound healing.

Recent studies have used bone marrow-derived mesenchy-
mal stem cells (MSCs) to promote wound healing (16 -18).
MSC transplants promote wound healing and angiogenesis by
producing paracrine angiogenic cytokines (2, 19-21) and by
possibly differentiating into skin cells (2, 19-24). Treating
diabetics with their own MSCs can avoid side effects, includ-
ing a graft versus host response associated with nonautolo-
gous transplantation. However, diabetes also impairs MSC
pro-healing functions (24).

To date there are no reports regarding LM formation or the
effects of LM either in diabetic wound healing and angiogene-
sis or in diabetes-impaired MSC functions. To identify dys-

2 The abbreviations used are: DHA, docosahexaenoic acid; MSC, mesen-
chymal stem cell; 145,21R-diHDHA, 145,21R-dihydroxydocosa-
47,77,10Z,12E,16Z,19Z-hexaenoic acid; DMVEC, dermal microvascular
endothelial cell; LM, lipid mediator; HETE, hydroxyeicosatetraenoic acid;
LOX, lipoxygenase; LC-UV-MS/MS, liquid chromatography-ultraviolet
detector-linear ion trap mass spectrometer; P, platelet; h-P450,
human-P450.
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regulation in the formation of DHA-derived LMs in diabetic
mice, we have conducted LC-MS/MS-based lipidomic studies
(25) of wounded skin from diabetic db/db and nondiabetic
db/+ mice. Here, we describe the identification of a novel
DHA-derived mediator 14S,21R-diHDHA, which is sup-
pressed in wounds of diabetic db/db mice and 12/15(or L-12)-
lipoxygenase gene knock-out mice (12/15-LOX is most re-
lated to human 15-LOX type-1) (26). We demonstrate that
14S,21R-diHDHA restored wound healing and angiogenesis
in diabetic mice as well as the pro-healing functions of db/db
MSCs and key cellular processes of angiogenesis. It activates
the p38 MAPK but does not affect the ERK1/2, although sig-
naling through both p38 MAPK and ERK1/2 is critical for
wound healing and associated angiogenesis (27, 28).

EXPERIMENTAL PROCEDURES

Studies were blinded. Animal protocols were approved by
the Institutional Animal Care and Use Committee and Insti-
tutional Review Board of Louisiana State University Health
Sciences Center, New Orleans.

Mice—Diabetic db/db (BKS.Cg-m+/+leprdb/]) and nondi-
abetic db/+ mice (10-week-old, female) (Jackson Laboratory,
Bar Harbor, ME) were used when blood glucose was 22-35
mM for db/db mice and 5-10 mm for db/+ mice, as measured
by a glucometer. 12/15-LOX (Alox15) or .-12-LOX gene
knock-out (12/15-LOX-KO) and C57Bl/6] congenic control
mice (10 weeks, female) were purchased from The Jackson
Laboratory. The KO mice do not express the 12/15-(or
1-12)LOX and have a C57BL/6] genetic background (29 —32).

Isolation and Identification of DMVECs from db/db and
db/+ Mice—This was done as described previously (33) and
as detailed in supplemental Fig. S1. The final DMVECs were
95% CD31" and VE-cadherin™. The cellular identity of the
DMVECs was confirmed by immunocytochemical analysis,
which demonstrated their purity and expression of the endo-
thelial markers CD31, VE-cadherin, von Willebrand factor,
and Tie-2 (supplemental Fig. S1A4).

Isolation and Identification of MSCs from Mice—MSCs
were isolated as published previously (22) and described in
supplemental Fig. S1. To verify the identity of the MSCs, we
first confirmed their differentiation ability according to a previ-
ous report (18). The isolated MSCs exhibited a spindle-shaped
morphology (supplemental Fig. S1Bi). After culturing the MSCs
for 10 days in osteogenic or adipocytic differentiation media, the
cells differentiated into the osteoblastic (supplemental Fig. S1Bii)
or adipocytic lineages (supplemental Fig. S1Biii), respectively.
We also analyzed the MSCs by flow cytometry as in Ref. 18 and
confirmed that more than 95% of cells expressed MSC marker
Sca-1 (supplemental Fig. S1Biv) (18, 19, 22).

Splinted Excisional Wound Healing Model—This model
was established as described previously (34) with minor modi-
fication. Briefly, paired 5-mm circular, full-thickness wounds
were made symmetrically along the midline on the dorsal skin
of mice. For each wound on a diabetic db/db mouse, 14S,21R-
diHDHA in DMEM (50 ng/wound), MSCs (db/db or db/+,
106 cells/wound), or 14S,21R-diHDHA (50 ng) plus MSCs
(db/db, 10° cells) was applied to the wound bed (10 ul) and
injected intradermally at four points (10 ul/site) distributed
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evenly near the wound edge (50 ul total/wound). A donut-
shaped silicone splint was adhered around the wound to pre-
vent skin contraction and to allow wounds to heal through
re-epithelialization and granulation (34). This model closely
parallels human wound healing (34). In another experiment,
wounds were imposed to the skin of db/+ mice, and 14S,21R-
diHDHA in DMEM (50 ng/wound), MSCs (db/+, 10° cells/
wound), or 145,21R-diHDHA (50 ng) plus MSCs (db/+, 10°
cells) was applied to the wound bed and wound edge. Skin
wounds were also generated in 12/15-LOX-KO and control
C57/6] mice and collected for the analysis of lipids.

Sample Preparation and LC-UV-MS/MS Analysis of Lipid
Mediators—Prostaglandin F,_-d,, DHA, DHA-d,, 5S,6R-di-
hydroxyeicosatetraenoic acid (HETE), 55,6S-diHETE, and
porcine 1-12-LOX were supplied by Cayman Chemicals (Ann
Arbor, MI). Neuroprotectin-D1/protectin-D1/(NPD1/PD1) and
its isomers prepared by total organic synthesis were provided by
Dr. Nicolas G. Bazan, Neuroscience Center of Excellence, Louisi-
ana State University Health Sciences Center, and by Dr. Charles
N. Serhan, Brigham and Women’s Hospital, Harvard Medical
School. Adam’s catalyst (PtO,) was from Sigma.

Lipid samples and standards were handled under dimmed
light, stored in —80 °C freezer with head space of the contain-
ing vials purged by argon gas, and sealed tightly. The aqueous
solutions of DHA and DHA derivatives were freshly prepared
on water-ice and used right away. Wounded skin was col-
lected immediately after the mice were sacrificed, soaked in
ice-cold acetone, chilled immediately with liquid nitrogen,
and stored in —80 °C freezer. Within 12 h of storage at
—80 °C after collection, each tissue sample was extracted with
ice-cold methanol three times by homogenization and sonica-
tion on ice. The acetone and methanol for the extraction con-
tained 0.1% butylated hydroxytoluene to suppress auto-oxida-
tion. The extracts for each sample were pooled together and
purified via C18 solid-phase extraction and then analyzed us-
ing a LC-UV-MS/MS (LTQ, Thermo, Waltham, MA). The
deuterated internal standards added to samples at the time of
collection for quantification of interested components were
prostaglandin F,_-d, (20 ng), 14S,21R-diHDHA-d, (10 ng),
14S-HDHA-d,, (10 ng), and DHA-d,, (20 ng) (35-38). The LC
unit was equipped with a chiral column (ChiralPak-IA, 150 X
2.1 mm X 5 um) (Chiral Technologies, West Chester, PA).
The mobile phase had a flow rate of 0.2 ml/min, eluted as B
(methanol/H,O/acetic acid = 27:73:0.01) from O to 1 min,
ramped from B/methanol (40:60) to B/methanol (20:80) by 50
min, then ramped to methanol by 55 min, and kept as metha-
nol. DHA, DHA-d, 14S-HDHA, 14S-HDHA-d,, 14S5,21R-
diHDHA, or 14S,21R-diHDHA-d, from the effluent of the
chiral LC coupled to the mass spectrometer was analyzed on
the basis of selected MS/MS ion chromatograms at mass to
charge ratio (m/z) 191 of MS/MS 327, m/z 196 of MS/MS
332, m/z 205 of MS/MS 343, m/z 205 of MS/MS 348, m/z 253
of MS/MS 359, or m/z 253 of MS/MS 363, respectively. The
amount of DHA, 14S-HDHA, or 14S,21R-diHDHA in each
sample was then quantified based on its LC peak area ratio
relative to that of its deuterated internal standard DHA-d,,
14S-HDHA-d, or 14S,21R-diHDHA-d,,, respectively (39).
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14S,21R-diHDHA and 14S,21S-diHDHA were generated
by incubating 14S-hydroxy-DHA (14S-HDHA) (50 ug)
with 1 nmol of human cytochrome P450 mixture (h-P450)
(BioCatalytics, Pasadena, CA) at 30 °C for 12 h. Under the
same condition, 14R,21R-diHDHA and 14R,21S-diHDHA
were generated from 14R-HDHA by the h-P450 (11). The h-
P450 contains NADPH cofactor, buffer salts, and h-P450 (re-
combinant human CYP1A2, -2C8, -2C9, -2D6, -2E1, and
-3A4) in the company’s proprietary ratios. 14S-HDHA and
14S-HDHA-d, were prepared by incubating DHA and
DHA-d, (50 pg/each), respectively, with porcine L-12-LOX
(1000 units) in buffer containing 0.1 m Tris at pH 7.4 and
0.01% Triton X-114 at 37 °C for 20 min. At the end of the in-
cubation, 3 mg of NaBH, was added (5, 11). Additionally 14S-
HDHA and 14R-HDHA were prepared from racemic 14S/R-
HDHAs (Cayman Chemicals) by a ChiralPak-AD-RH LC
chiral column (150 X 2.1 mm X 5 wm) (Chiral Technologies)
(40). The mobile phase had a flow ate of 0.15 ml/min, eluted
as D (acetonitrile/H,O/acetic acid = 45:55:0.01) from 0 to 45
min, ramped to acetonitrile from 45.1 to 60 min, returned to
acetonitrile flow for 10 min, and then run as D again for 10
min (11). 14S5,21R-diHDHA-d, was prepared by the incuba-
tion of 14S-HDHA-d, with human P450 (11). Only the DHA
and 14S-HDHA with not less than 98% purity (without de-
tectable oxidation artifacts), analyzed by chiral LC-UV-
MS/MS above, were used to prepare 14S-HDHA and
14S5,21R-diHDHA, respectively.

The incubations were extracted three times with 2 volumes
of ethyl acetate after its pH was adjusted to 3.5—4. The ex-
tracts were washed with 2 volumes of LC-MS-grade water
twice and then reconstituted with methanol. Products in the
incubations were isolated by the chiral LC-UV-MS/MS as
above (supplemental Fig. S3) (11). The fraction of 14S,21R-
diHDHA was dried completely by N, gas blower and reconsti-
tuted to ethanol. The purified 14S5,21R-diHDHA and 14S,21R-
diHDHA-d, were quantified by LC-UV-MS/MS using NPD1
(10,17-diHDHA, 99% purity) (38) as an internal standard. Ad-
ditionally, the purified 14S-HDHA-d, was quantified by LC-
UV-MS/MS using =14-HDHA (Cayman Chemical) as the
standard. The 14S,21R-diHDHA preparation was found to be
of ~96% purity calculated from the LC-UV at 235 nm (sup-
plemental Fig. S2, A and B) using above ChiralPak-IA-based
chiral LC-UV-MS/MS. This is consistent with the UV spec-
trum with a singlet band of 235 nm maximum absorbance
wavelength, which was acquired from LC-UV (supplemental
Fig. S2C), and stand-alone DU-800 UV /visible spectropho-
tometer (Beckman Coulter, Brea, CA) (supplemental Fig.
S2D). Six carbon-carbon double bonds hydrogenated
14S,21R-diHDHA (H,,-14S,21R-diHDHA) was generated by
bubbling hydrogen gas through a methanol solution of
14S,21R-diHDHA, in which Adam’s catalyst PtO, (~1 mg)
was suspended (20 min, room temperature) (41-43).

Analysis of Wound Healing—W ounds rimmed with 2 mm
of normal skin were excised from db/db mice sacrificed at day
8 post-wounding and db/+ mice at day 5 post-wounding,
fixed, and embedded (34). Cryosections (10 wm thick/section)
of wounds were analyzed to determine relative epithelial gap
(recorded as a percent relative to that of the initial wound)
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and granulation tissue area after hematoxylin and eosin
(H&E) staining. Results were expressed as decreased percent-
age of relative epithelial gap compared with control ((relative
epithelial gap in control — relative epithelial gap in treat-
ment)/relative epithelial gap in control X 100%) and in-
creased percentage of granulation tissue area compared with
control ((granulation tissue area in treatment — granulation
tissue area in control)/granulation tissue area in control X
100%). Wound vascularity, as determined by CD31 — positive
area per field/total wound bed area per field X 100% (% vas-
cularity), was assessed by staining vessel endothelial cells with
monoclonal rat anti-mouse CD31 antibody (BD Biosciences)
followed by anti-rat IgG horseradish peroxidase (HRP) detec-
tion kits (BD Biosciences) and then by hematoxylin for nuclei.
Images were captured using a microscope. Results are de-
picted as increased percentage of wound vascularity com-
pared with control ((% vascularity in treatment — % vascular-
ity in control)/% vascularity in control X 100%).

Preparation of MSC-conditioned Media—Quiescent db/db
MSCs (3 X 10° cells) were prepared by starvation in DMEM
containing high glucose (25 mm) and 0.5% FBS (Invitrogen)
for 12 h. The cells were then cultured in DMEM containing
high glucose (25 mm) without or with 145,21 R-diHDHA (100
nM) for 24 h. MSCs from nondiabetic db/+ mice were cul-
tured similarly in the absence of 14S,21R-diHDHA. After cen-
trifugation at 3,000 X g for 15 min at 4 °C, the supernatant
became “MSC-conditioned medium.”

DMVEC Migration—Quiescent db/db and db/+ DMVECs
at 80% confluence were resuspended in DMEM containing 25
mM (for db/db cells) or 5 mwm (for db/+ cells) glucose and
added to the upper chamber of a 24-transwell plate (8-um
pore, BD Biosciences) at 1 X 10° cells/well. DMEM contain-
ing high glucose (25 mm) or low glucose (5 mm) in the pres-
ence or absence of 14S,21R-diHDHA (100 nm) or MSC-condi-
tioned media were added to the lower chamber. The cells
were allowed to migrate for 4 h at 37 °C in 5% CO,. Migrated
cells, which were attached to the undersides of membranes,
were stained with Giemsa. The images were captured by a
microscope. Results were expressed as increased percentage
of migrated DMVECs compared with control using the equa-
tion ((migrated DMVEC:s per field in treatment — migrated
DMVEC:s per field in control)/migrated DMVECs per field in
control X 100%).

DMVEC Vasculature Formation—Quiescent db/db and
db/+ DMVECs were cultured on Matrigel (BD Biosciences)
in DMEM containing high glucose (25 mw, for db/db cells) or
low glucose (5 mm, for db/+ cells) in the presence or absence
of 145,21 R-diHDHA (100 nM) or MSC-conditioned media for
24 h at 37 °C in 5% CO,. The vasculature length was meas-
ured using a microscope and Image]1.40 software (National
Institutes of Health). Results were expressed as increased per-
centage of vasculature length compared with control using
the equation ((vasculature length per field in treatment —
vasculature length per field in control)/vasculature length per
field in control X 100%).

Bio-Plex Protein Array—Quiescent db/db DMVECs (3 X
10° cells) were cultured in DMEM containing high glucose
(25 mm) in the presence or absence of 14S5,21R-diHDHA for
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FIGURE 1. Formation of 14S,21R-diHDHA was suppressed in skin
wounds in diabetic db/db mice compared with nondiabetic db/+ mice.
Wounded skin was harvested from mice immediately following sacrifice at

4446 JOURNAL OF BIOLOGICAL CHEMISTRY

24 h. The supernatants were collected. VEGF in db/db
DMVEC supernatants or MSC-conditioned media was quan-
tified by the Bio-Plex Protein array kit (Bio-Rad).

Western Blot—14S,21R-diHDHA (50 ng/wound) was im-
mediately injected into wound bed and edge in db/+ and
db/db mice after wounds were made. 15 min later, wounds
were collected for analysis of expressions of P-p38 and p38.
Quiescent db/db DMVECs or db/db MSCs were incubated in
DMEM with or without 14S,21R-diHDHA (100 nm) for 10—
120 min. Cells were lysed for analysis of expression of P-p38
and P-ERK1/2 (phosphorylated forms) as well as p38 and
ERK1 (nonphosphorylated forms). Western blot was per-
formed as described previously (27, 28) with minor modifica-
tion. Briefly, 30 ug of total proteins from each lysed sample
was resolved by SDS-PAGE on 4—-15% Tris-HCl gels (Bio-
Rad). The electrotransferred protein bands were stained by
primary antibodies for P-p38 or P-ERK1/2 (BD Biosciences),
followed by fluorescent-labeled secondary antibodies (LI-
COR, Lincoln, NB), and finally quantified using an Odyssey
Imaging System (LI-COR). When necessary, blots were
stripped and reprobed.

Statistical Analysis—Results were analyzed by one-way
ANOVA analysis of variance followed by Fisher’s LSD post
hoc comparison and expressed as means = S.E. A value of
p < 0.05 was considered significant.

RESULTS

Suppressed Formation of 14S,21R-diHDHA in Skin Wounds
of Diabetic Mice—To determine whether diabetes dysregu-
lates DHA-derived LM formation in skin wounds, we first
conducted LC-UV-MS/MS based mediator-lipidomic studies
of wounded skin from diabetic db/db and nondiabetic db/+
mice. Two diHDHA chromatographic peaks (I and II) of ion
m/z 253 from MS/MS m/z 359 were reduced in wounds of
diabetic db/db mice compared with those of nondiabetic
db/+ mice (Fig. 1A). The full-scan MS/MS spectra of peaks I
and II (Fig. 1A) possessed ions at m/z 359 [M — H] , 341
[M — H-H,0O] ", 323 [M — H-2H,0] , 297 [M — H-CO,-
H,O], and 279 [M — H-CO,-2H,0O] " that were consistent
with the molecular weight of 360, one carboxyl (for loss of one
CO, (44 atomic units)), and two hydroxyls (for 2H,O loss);

day 1 after the splinted excisional wounding was performed. A, overlay
ChiralPak-IA-based chiral LC-MS/MS chromatograms (top panels) of wounds
of db/+ (solid black) and db/db (open line) mice, and spectra (honwide band)
(bottom two panels) of peak | and peak Il found in wounds of db/+ mice. For
comparison, the ion abundance of each selected MS/MS ion chromatogram
was divided by the extraction recovery of the stable deuterated internal
standard 14S,21R-diHDHA-d, added to the sample and then normalized per
g of skin. The 2nd panel is a selected ion chromatogram at m/z 253 of
MS/MS 363 for internal standard 14S,21R-diHDHA-d, added to and ex-
tracted from skin wounds. This deuterated compound was added to skin
wounds collected from mice and used as the internal standard for the quan-
tification of 14S5,21R-diHDHA (see details under “Experimental Procedures”).
Chromatograms of 14S,21R-diHDHA and 14S,215-diHDHA (generated from
14S-HDHA by h-P450) as well as 14R,215-diHDHA and 14R,21R-diHDHA
(generated from 14R-HDHA by h-P450) are shown in the 3rd and 4th panels,
respectively. B, quantification of 145,21R-diHDHA, 14S-HDHA, and DHA in
wounds of db/+ (solid black), db/db (open bar), 12/15-LOX-knock-out mice
(light gray), and C57BL/6J mice (dark gray) via ChiralPak-1A-based chiral LC-
MS/MS using stable deuterated internal standards. Results are mean = S.E.
(n = 3).* p < 0.05 compared with control.
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ions m/z 205, 233, 189 [233 — CO,] , and 161 [205 — CO,] ™
indicated a hydroxyl at C14. Another hydroxyl at the C21 po-
sition was indicated by ions m/z 315 [M — H-CH(O)CH,]
271 [M — H-CO,-CH(O)CH,] , and 253 [M — H-H,0O-CO,-
CH(O)CH,] ™ that involved C20-C21 cleavage in molecular
ion m/z 359|M — H] ™~ and loss of CH(O)CH, (44 atomic
units) derived from “—H(OH)C21-H;C22 terminal” group of
the molecular ion m/z 359[M — H] ™ (insets, 5th panel of Fig.
1A). Additionally, ion m/z 315 could be [M — H-CO,] ",
which was generated by losing CO, (44 atomic units) from
molecular ion m/z 359 [M — H] ; and it further transformed
to m/z 271 [M — H-CO,-CH(O)CH,] ~ and 253 [M —
H-H,0-CO,-CH(O)CH,] ~ by the cleavage equivalent to what
occurred in the formation of m/z 315 [M — H-CH(O)CH,] ™
from molecular ion m/z 359 [M — H|  and the loss of
CH(O)CHj; (see MS/MS fragmentation pathways in insets of
the 5th panel of Fig. 1A4). As an a-cleavage to 21-hydroxyl,
C20-C21 cleavage generated MS/MS ions m/z 271 [M —
H-CO,-CH(O)CH,] ~ and 253 [M — H-H,0-CO,-
CH(O)CH,;] ™ that are the fingerprints showing 21-hydroxyl
in diHDHAs. In brief, these structural diagnostic ions indicate
that peaks I and II are 14,21-diHDHA (Fig. 14), namely 14,21-
diHDHAs existed in wounds (Fig. 14, top).

The LC-MS/MS spectrum of H,,-14S5,21R-diHDHA pre-
pared from hydrogenation of 145,21R-diHDHA showed
molecular ion m/z 371 [M — H] and ions m/z 353 [M —
H-H,O] and 335 [M — H-2H,0] ", the 14-hydroxyl was
demonstrated by MS/MS ions m/z 157, 211, and 197 [241-
CO,] ™, The 21-hydroxyl was demonstrated by m/z 325, 323
[325-2H], 307 [325-H,0] ~, and 281 [325-CO,] . These data
are consistent with the structure of H,,-14S,21R-diHDHA,
consequently support the 14,21-diHDHA structure (supple-
mental Fig. S2E). The ChiralPak-IA-based LC condition above
is able to separate chromatographically four 14,21-diHDHA
diastereomers, including 14S5,21R-diHDHA and 14S,215-
diHDHA generated from 14S-HDHA by P450 (Fig. 14, 3rd
panel); and 14R,21R-diHDHA and 14R,21S-diHDHA generated
from 14R-diHDHA by P450 (Fig. 1A, 4th panel); as well as an
enantiomic pair of 14S-HDHA and 14R-HDHA. The order of
elution for 14,21-diHDHAs is based on the following observa-
tions: diastereomer 5S,6R-dihydroxyeicosatetraenoic acid
(HETE) eluted before 5S,6S-diHETE with same double bond
geometry; diastereomer 10R,17S-dihydroxy-NPD1 eluted be-
fore 10S,17R-dihydroxy-NPD1; and 10S,17R-dihydroxy-NPD1
eluted before 10S,17S-dihydroxy-NPD1 (the structures of
NPD1 or PD1 stereoisomers were already elucidated and pre-
sented by Serhan et al. (44)) (supplemental Fig. S2F). The elu-
tion order is from 14R,21R-diHDHA (the earliest), 14R,21S5-
diHDHA, 14S5,21R-diHDHA, to 14S,21S-diHDHA (the latest),
which is the same as that for ChiralPak-AD-RH LC chiral
column (11) except that 14R,21S-diHDHA and 14S,21R-
diHDHA overlapped for the latter. The MS/MS spectra and
chiral LC retention times for peaks I and II of wound tissue
matched those for 145,21R-diHDHA and 14S5,21S-diHDHA,
respectively, generated from 14S-hydroxy-DHA by P450 en-
zyme (Fig. 1A4) (11). Therefore, peaks I and II from wounds
are 148,21 R-diHDHA and 14S,21S-diHDHA. Their amount
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ratio was 9.5:1 based on their peak areas of the selected ion
chromatogram at m/z 359 for wounds of nondiabetic mice.

The formation of 14S,21R-diHDHA and its biosynthetic
precursor 14S-HDHA (11) was reduced, although the reduc-
tion of 14S-HDHA was modest, and 14S,21S-diHDHA was
under the detection limit in wounds of diabetic mice com-
pared with nondiabetic control animals (Fig. 1, A and B)
based on LC-MS/MS quantification using deuterated internal
standard of each compound. The DHA level was slightly re-
duced, but it was not significant. We also analyzed the skin
wounds of 12/15-LOX-KO mice and controls. It was observed
that the formation of 14S-HDHA was significantly reduced,
and 14S,21R-diHDHA was found in the wounds of wild-type
controls but was undetectable in the 12/15-LOX-KO mice,
although DHA levels were not significantly different (Fig. 1B,
right panel). This implicates that 12/15-LOX participates in
the formation of 14S,21R-diHDHA and 14S-HDHA.

145,21R-diHDHA Remedies Diabetic Wound Healing and
Vascularization—Because 14S,21R-diHDHA formation was
decreased in diabetic wounds, we were motivated to study
whether administration of exogenous of 14S,21R-diHDHA
could enhance wound healing. 14S5,21R-diHDHA was applied
into the wounds of db/db mice. Interestingly, the administra-
tion of 145,21R-diHDHA promoted wound healing signifi-
cantly (Fig. 2). In comparison with vehicle control, 145,21R-
diHDHA accelerated re-epithelialization and promoted
granulation formation. Analysis of hematoxylin and eosin-
stained cryosections of wounds collected at day 8 post-
wounding revealed that the relative epithelial gap was de-
creased 36.2% (Fig. 2B, left panel), whereas the granulation
tissue area was increased 60.7% (Fig. 2B, right panel). Because
impaired vascularization or angiogenesis is a critical hallmark
of nonhealing wounds in diabetes (45, 46), we investigated
whether 14S5,21R-diHDHA could promote vascularization
during wound healing in diabetic mice. The data demonstrate
that wounds from db/db mice treated with 14S,21R-diHDHA
exhibited a 41.9% increase in vascularity compared with con-
trol animals at day 8 post-wounding (Fig. 2C). When 14S,21R-
diHDHA was applied on wounds of db/+ mice, the same ef-
fects on re-epithelialization, granulation formation, and
vascularization were observed (supplemental Figs. S4 and S5).

We further used in vitro models of DMVEC migration and
vasculature formation to investigate the action of 14S,21R-
diHDHA on the cellular processes of angiogenesis. In simu-
lated diabetic hyperglycemia (25 mm glucose in medium) (45,
46), 145,21 R-diHDHA promoted the cellular processes of an-
giogenesis through significantly enhancing db/db DMVEC
migration 45.5% (Fig. 3A) and vasculature formation 40.8%
(Fig. 3B). Moreover, diabetic db/db DMVECs treated with
14S,21R-diHDHA produced more vascular endothelial
growth factor (VEGF), a potent angiogenic factor (47, 48),
than control-treated cells (Fig. 3C). We also compared migra-
tion and vasculature formation between db/db DMVECs and
db/+ DMVECs and found db/+ DMVECs could form a lon-
ger tube than db/db DMVECs without any treatment, but no
difference was observed for migration. In addition, 14S,21R-
diHDHA could also promote db/+ DMVEC migration and
vasculature formation (supplemental Fig. S6).
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FIGURE 2. 14S,21R-diHDHA remedied impaired wound healing and vas-
cularization in diabetic mice. Splinted excisional wounding was con-
ducted in db/db mice as in Fig. 1, followed by administration of 145,21R-
diHDHA to wounds (50 ng/wound). A, micrographs; B, quantitative analysis
of H&E-stained cryosections of wounds show that 145,21R-diHDHA treat-
ment enhanced re-epithelialization and granulation tissue formation com-
pared with the DMEM control, a decreased percentage of relative epithelial
gap (left panel) and increased percentage of granulation tissue area (right
panel) were observed (n = 6). G, granulation tissue; double arrow, epithelial
gap. The control had a relative epithelial gap of 64.9 * 2.0% and total gran-
ulation tissue area of 4250.0 = 176.9 pixels/cryosection. C, 14S,21R-diHDHA
increased wound vascularity. Micrographs (left panel) showing CD31* ves-
sels and hematoxylin-stained nuclei in wound cryosections. The increased
percentage of wound vascularity is presented on the right (n = 12). The
wound vascularity of control animals was 4.4 = 0.4%. Scale bar, 100 um.
Results are means * S.E. *, p < 0.05 compared with control.

148,21R-diHDHA Acts Together with db/db MSCs to Pro-
mote Wound Healing—Previous reports have demonstrated
that MSCs from diabetic donors are less efficient at promot-
ing wound healing (2). To determine whether 14S,21R-
diHDHA and db/db MSCs together could enhance wound
healing in db/db mice better than either one alone, we admin-
istered 14S,21R-diHDHA (50 ng/wound) along with db/db
MSC transplantation (10° cells/wound). This treatment re-
sulted in a decrease in the relative epithelial gap of 75.2% (Fig.
4, A and B) and an increase in granulation tissue area of
107.8% (Fig. 4, A and C) at day 8 post-wounding. In particular,
14S,21R-diHDHA combined with db/db MSCs was more ef-
fective than db/db MSCs alone (Fig. 4, A-C) or 14S,21R-
diHDHA alone (Fig. 2, A and B) in accelerating wound heal-
ing. In addition, administration of 14S,21R-diHDHA with
db/db MSCs was as effective as db/+ MSCs alone (Fig. 4,
A-C). Treatment with db/db and db/+ MSCs promoted
re-epithelialization with decreased percentages of the rela-
tive epithelial gap of 25.6 and 61.7%, respectively, as well as
increased percentages of the total granulation area by 52.0
and 82.4%, respectively, compared with control (Fig. 4,
A-C). Indeed, db/db diabetic MSCs are less efficient than
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FIGURE 3. 14S,21R-diHDHA improved the cellular processes of angio-
genesis in db/db DMVECs. The cellular angiogenic processes of migration
(A), vasculature formation (B), and VEGF release (C) were assayed in vitro
using db/db DMVECs cultured under simulated hyperglycemic conditions
(25 mm glucose) in the presence and absence (control) of 14S5,21R-diHDHA
(100 nm). Migration and vasculature formation are presented as increased
percentages of migrated DMVECs per field (n = 15) and of vasculature
length per field (n = 4), respectively, compared with control (migrated
DMVECs, 118.0 = 2.8 cells/field; vasculature length, 7.2 = 0.3 mm/field).
Representative images (left panel) and the quantification (right panel) are
presented. VEGF secreted from DMVECs was measured using the Bio-Plex
protein array (n = 3). Results are means = S.E. *, p < 0.05 compared with
control.

db/+ nondiabetic MSCs in promoting wound healing, indi-
cating impaired wound healing due to diabetes. Therefore,
14S,21R-diHDHA coacts with db/db MSCs to promote dia-
betic wound healing and compensates for the diabetes-
impaired pro-healing functions of db/db MSCs. In addi-
tion, we also confirmed that 14S,21R-diHDHA coacts with
db/+ MSCs to promote wound healing on db/+ mice (sup-
plemental Fig. S4).

14S8,21R-diHDHA Remedies Diabetes-impaired Functions of
db/db MSCs and Acts Synergistically with db/db MSCs in Pro-
moting Angiogenesis—We further investigated whether
14S,21R-diHDHA would improve the function of db/db
MSCs in promoting diabetes-impaired angiogenesis. The an-
giogenic functions of db/db MSCs were impaired compared
with db/+ MSCs even though db/db MSCs increased wound
vascularity 78.5% (versus 130.1% for db/+ MSCs) relative to
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FIGURE 4. 14S,21R-diHDHA acted together with db/db MSCs to promote
wound healing. Splinted excisional wounding was conducted in db/db
mice as in Fig. 1, followed by treatment of the wounds with vehicle, db/db
MSCs, db/db MSCs plus 14S,21R-diHDHA, or db/+ MSCs alone (14S,21R-
diHDHA, 50 ng/wound; MSCs, 10° cells/wound). Wounds were collected
from db/db mice at day 8 post-wounding. A, representative micrographs of
H&E-stained cryosections of wounds. Double arrow, epithelial gap; G, granu-
lation tissue. B, decreased percentage of the relative epithelial gap; G, in-
creased percentage of the granulation tissue area as compared with con-
trols that had a relative epithelial gap of 64.9 + 2.0% and total granulation
tissue area of 4250.0 = 176.9 pixels/cryosection. Results are means = S.E.

(n = 6-8).* p < 0.05 compared with control; #, p < 0.05 compared with
db/db MSC treatment.

the DMEM control (Fig. 5, A and B). The administration of
db/db MSCs and 14S,21R-diHDHA together to the wounds of
db/db mice increased wound vascularity by 205.0%, which
was significantly more than the summation of the enhance-
ment percentages by db/db MSCs alone (78.5%) (Fig. 5B) and
14S,21R-diHDHA alone (41.9%) (Fig. 2B), indicating a syner-
gic effect. Therefore, 145,21 R-diHDHA remedies diabetes-
impaired MSC functions and acts synergistically with MSCs
to promote vascularization or angiogenesis in wounds of
db/db mice. The synergistic promoting effect of 14S5,21R-
diHDHA and db/+ MSCs on angiogenesis was also obtained
on db/+ mice (supplemental Fig. S5).

Endothelial cell migration and vasculature formation, the
key cellular processes of angiogenesis were studied under sim-
ulated hyperglycemia to delineate the action of 14S,21R-
diHDHA on diabetes-impaired angiogenic functions of db/db
MSC:s (Fig. 5, C—F). High glucose (25 nm) MSC-conditioned
media were prepared by culturing db/db MSCs in the pres-
ence or absence of 14S5,21R-diHDHA and by culturing db/+
MSCs in the absence of 145,21R-diHDHA. The media were
used to assess db/db DMVEC migration and vasculature for-
mation (Fig. 5, C—F). Media conditioned by MSCs from db/db
and db/+ mice increased db/db DMVEC migration 32.0 and
81.6%, respectively, and enhanced vasculature formation 43.4
and 83.3%, respectively, compared with controls (i.e. without
MSC-conditioned media) (Fig. 5, C-F). As expected, medium
from db/db MSCs without 14S,21R-diHDHA treatment ex-
hibited significantly less db/db DMVEC migration and vascu-
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FIGURE 5. 14S,21R-diHDHA remedied impaired functions of db/db MSCs
and acted synergistically with them in promoting angiogenesis under
hyperglycemia. The wound healing model and treatment were conducted
in db/db mice as in Fig. 4. A, representative microphotographs show the
CD317" vessels in wounds treated with vehicle (control), db/db MSCs, db/db
MSCs plus 14S,21R-diHDHA, or db/+ MSCs (14S,21R-diHDHA, 50 ng/wound;
MSCs, 10° cells/wound). B, increased percentages of wound vascularity
compared with the control that possessed 4.4 = 0.4% vascularity (n = 12).
Scale bar, 100 um. Cellular processes of angiogenesis were studied in vitro
as in Fig. 3. Representative images of db/db DMVEC migration (C) and vascu-
lature formation (D) are shown. The db/db DMVECs were studied under simu-
lated hyperglycemia (25 mm glucose) in DMEM (control), DMEM conditioned by
db/db MSCs with (145,21R-diHDHA-treated db/db MSCs) or without (db/db
MSCs) 14S,21R-diHDHA treatment, as well as DMEM conditioned by db/+ MSCs
(db/+ MSCs). Migration (E) and vasculature formation (F) were quantified as
increased percentages of migrated DMVECs per field (n = 15) and of vascula-
ture length per field (n = 4), respectively, compared with the controls (migrated
DMVECs, 118.0 = 2.8 cells/field; vasculature length, 7.2 == 0.3 mm/field).

G, VEGF secretion was assayed by Bio-Plex protein array (n = 3). The medium
was conditioned with 3 X 10° db/db MSCs, 14S,21R-diHDHA-treated db/db
MSCs, or db/+ MSCs. Results are means = S.E. *, p < 0.05 compared with con-
trol; #, p < 0.05 compared with db/db MSC treatment.
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FIGURE 6. 14S,21R-diHDHA activated p38 MAPK but not ERK1/2 signaling pathway. Quiescent subconfluent db/db DMVECs and MSCs were treated
with 100 nm 145,21R-diHDHA for 10-120 min, and wounds of db/+ and db/db mice were treated with 14S,21R-diHDHA (50 ng/wound) for 15 min. Whole
tissue and cell lysates were analyzed by Western blot with antibodies specific to phospho-p38 (P-p38) and phospho-ERK1/2 (P-ERK1/2) as well as total p38
and ERK1. Densitometric ratios of P-p38 to p38 and P-ERK1/2 to ERK1 are presented as a percentage of control (i.e. without 14S,21R-diHDHA treatment).
Representative Western blot images of P-p38, p38, P-ERK1/2, and ERK1 as well as densitometric ratios of P-p38 to p38 and P-ERK1/2 to ERK1 in db/db
DMVECs and MSCs (A and B), and in wounds of db/+ and db/db mice (C and D) are shown. Results are mean = S.E. (n = 3). *, p < 0.05 compared with

control.

lature formation compared with db/+ MSCs, demonstrating
impaired angiogenesis. When the medium from 14S5,21R-
diHDHA-treated db/db MSCs was used, db/db DMVEC mi-
gration and vasculature formation were enhanced 98.5 and
101.7%, respectively, relative to the vehicle control (Fig. 5,
C-F). These results were greater than the combined increased
percentages induced by db/db MSCs alone (32.0% for migra-
tion and 43.4% for vasculature formation) (Fig. 5, C—F) and
14S,21R-diHDHA alone (45.5% for migration and 40.8% for
vasculature formation) (Fig. 3, A and B). These data indicate
that 145,21R-diHDHA rescues the impaired angiogenic func-
tions of db/db MSCs in promotion of DMVEC migration and
vasculature formation.

MSCs secrete angiogenic cytokines such as VEGF to pro-
mote angiogenesis (22). As such, we hypothesized that
14S5,21R-diHDHA promoted angiogenic functions of db/db
MSCs partly as a result of increased angiogenic cytokine pro-
duction by the cells. To test this, VEGF levels were quantified
in media from db/db MSCs, 14S,21R-diHDHA-treated db/db
MSCs, and db/+ MSCs. The data demonstrate that greater
amounts of VEGF were released by db/+ MSCs than that by
db/db MSCs (Fig. 5G), consistent with impaired angiogenesis
in db/db MSCs. This impairment was restored by 14S5,21R-
diHDHA treatment, which induced db/db MSCs to secrete
significantly more VEGF under simulated hyperglycemia (Fig.
5@G). Taken together, these results suggest that 14S,21R-
diHDHA can rescue the functions of db/db MSCs or syner-
gize with db/db MSCs to promote angiogenesis by rescuing
db/db MSC paracrine angiogenic functions.

14S8,21R-diHDHA Activates the p38 but Not ERK1/2 Signal-
ing Pathway— Activation of MAPK pathways is essential in
wound healing and associated angiogenesis (28, 48, 49).
Therefore, we sought to determine whether 145,21R-diHDHA
treatment led to activation of the MAPKs. Our results showed
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that 14S,21R-diHDHA treatment triggered phosphorylation
of p38 in db/db DMVECs and MSCs, but had no effect on
phosphorylation of ERK1/2. The ratio of phosphorylated to
nonphosphorylated p38 in db/db DMVECs treated with
14S,21R-diHDHA remained higher than that of the control
for at least 120 min (Fig. 6, A and B). In addition, 14S,21R-
diHDHA treatment increased the levels of phosphorylated
p38 in wounds of db/+ and db/db mice, and there was no
significantly different levels of phosphorylated p38 in wounds
of db/+ and db/db mice (Fig. 6, C and D).

DISCUSSION

The reduced formation of the novel reparative lipid media-
tor, 145,21 R-diHDHA, in cutaneous wounds of db/db diabetic
mice indicates that diabetes suppresses the formation of this
molecule (Fig. 1). Platelet (P)12-LOX, the enzyme counted for
12-LOX-activity of platelets (31, 50, 51), or L-12-LOX (5) con-
verts DHA to 14S-hydroperoxy-DHA (14S-hydroperoxy-
DHA), which is reduced to 14S-HDHA in tissues and further
transformed to 14S5,21R-diHDHA by the P450 enzyme (11).
The formation of 14S-HDHA, the intermediate in 14S,21R-
diHDHA biosynthetic pathways and a marker of 12-LOX
activity (11), was also modestly reduced in diabetic wounds
(Fig. 1B, middle panel). These results indicate that critical
12-LOX-related 14S-hydroxylation for biosynthesis of
145,21R-diHDHA in wounds could be impaired in diabetes.
The hyperglycemia and excessive oxidative stress in dia-
betic wounds appears to have impaired the DHA 14S-hy-
droxylation system, which reduced 145,21R-diHDHA for-
mation (Scheme 1).

It has been reported that the knock-out of 12/15(or
1-12)LOX gene from mice reduced DHA 14-hydroxylation by
peritoneal macrophages by >95% (5). There was no report
before to study of the effect of 12/15-LOX knock-out on DHA
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SCHEME 1. Diabetes reduces formation of 14S,21R-diHDHA in cutane-
ous wounds and application of exogenous 14S,21R-diHDHA counter-
acts the diabetic impairment on healing, angiogenesis, and associated
functions of mesenchymal stem cells. Treatment with 14S,21R-diHDHA
rescues healing, angiogenesis, and associated MSC functions that are im-
paired in diabetes. 14S5,21R-diHDHA restores the diabetes-impaired cellular

processes of angiogenesis and paracrine functions of MSCs, including endo-

thelial cell (EC) migration, vasculature formation, and production of VEGF
(autocrine and paracrine). This lipid mediator activates the p38 MAPK path-
way in endothelial cells and MSCs. 14S,21R-diHDHA may also act directly to
enhance re-epithelialization and granulation tissue formation in wound
healing.

14-hydroxylation in skin. Our results showed that 12/15-LOX
knock-out reduced the formation of 14S-HDHA and 145,21R-
diHDHA in the murine skin wounds (Fig. 1B). The portion of
14S-HDHA that was still formed in 12/15-LOX-KO skin may
result from P-12-LOX which is known to efficiently partici-
pate DHA 14S-hydroxylation and exist in murine skin (51—
53). Therefore, L-12-LOX plays a role in producing 14S,21R-
diHDHA in skin wounds (Fig. 1). Additionally P-12-LOX is
likely to participate in DHA 14S-hydroxylation. The levels of
14S-HDHA and 14S,21R-diHDHA in the skin wounds of
db/+ mice were quite different from those of C57BL/6 mice
(Fig. 1B), which may be due to the distinct phenotypic differ-
ence between two strains (strain information, The Jackson
Laboratory).

In murine skin wounds, there are other lipoxygenases, in-
cluding epidermis-type LOX3, 12R-LOX, and 8-LOX as well
as 5-LOX from recruited leukocytes (26, 30, 31, 50, 53-59).
However, LOX3, 12R-LOX, 8-LOX, or 5-LOX is unlikely to
catalyze DHA 14S-hydroxygenation in skin wounds based on
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the study conducted by other scientists (52) and ourselves.?
Therefore, L- and P-12-LOXs could be the major 12-LOXs
responsible in 14S-hydroxylation for 14S,21R-diHDHA for-
mation. Diabetes could affect L- and/or P-12-LOX in skin
wounds, which is of our interest for future study.
21-Hydroxyl in 14,21-diHDHAs is a w-1-hydroxyl, thus it
is very likely to be generated by specific P450, such as 2E1 (60)
or other P450s. P450 CYP1A1, 2B6/7, 2E1, 3A4/7, and 3A5
were identified at protein level and found to possess catalytic
activities in skin (61); and many other P450s were found in
skin at mRNA level (61). It is known that CYP2E1 generates
19-hydroxyleicosatetraenoic acid, an @-1 hydroxylation prod-
uct from arachidonic acid substrate (60); therefore, it is likely
to participate in the @w-1 hydroxylation of 14S-HDHA sub-
strate for the formation of 145,21 R-diHDHA in the skin (60).
Moreover, treating wounds with 14S5,21R-diHDHA im-
proved healing as well as vascularization or angiogenesis in
diabetic mice (Fig. 2). Treatment with 14S,21R-diHDHA also
rescued the key cellular processes of healing-associated angio-
genesis: DMVEC transmigration and vasculature formation
(Fig. 3). Angiogenesis is critical for growing new vessels that
are essential for optimal healing (1). Endothelial cells in the
vascular network adjacent to wounds migrate, proliferate, and
undergo vascularization and neovessel formation within the
granulation tissue (62). Diabetes impairs angiogenesis and
causes microcirculatory deficiencies in skin wounds (1, 2).
Thus, new approaches toward ameliorating impaired angio-
genesis would significantly contribute to efforts to develop
better treatments for diabetic wounds (2, 63). 14S,21R-diH-
DHA represents a new lead for this approach. The promotion
of re-epithelialization and granulation tissue formation by
14S,21R-diHDHA in wounds suggests that this lipid mediator
may also enhance other cellular processes of healing that in-
volve epithelial cells and fibroblast cells (Scheme 1) (64).
When 14S,21R-diHDHA was combined with db/db MSCs
and used to treat the wounds of diabetic db/db mice, the com-
bination promoted the crucial processes of wound healing:
re-epithelialization and granulation tissue growth (Figs. 2 and
4) (34, 65). Furthermore, 14S,21R-diHDHA was observed to
restore diabetes-impaired angiogenic functions of db/db
MSCs that promote wound vascularization, as well as db/db
DMVEC migration and vasculature formation (Figs. 3 and 5).
14S,21R-diHDHA stimulated db/db DMVECs (Fig. 3C) and
MSC:s to increase VEGF secretion (Fig. 5G), which is at least
partly responsible for accelerated angiogenesis in wound heal-
ing (Scheme 1). VEGF is one of the most important angio-
genic cytokines (48) and promotes wound healing through
enhancing angiogenesis (63). By producing VEGF, DMVECs
promote their own angiogenesis processes, and MSCs pro-
mote vascularization achieved by endothelial cells and other
type cells in wounds; thus DMVECs and MSCs manifest their
autocrine and/or paracrine functions of promoting angiogen-
esis in wound healing (Scheme 1). The promotion of VEGF
production represents a molecular mechanism for the pro-
angiogenic functions of 145,21R-diHDHA in wound healing

3H.Tian, Y. Ly, S. P. Shah, and S. Hong, unpublished data.
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and also further indicates that 14S5,21R-diHDHA remedies
diabetes-impaired pro-angiogenic functions of db/db MSCs.

Treatment of nonhealing wounds in diabetic patients with
autologous MSC:s is of clinical significance, but its value is
restricted by deficient functions of the MSCs due to diabetes.
In this regard, being a remedy for diabetes-impaired pro-heal-
ing functions of db/db MSCs, 14S,21R-diHDHA is a promis-
ing new compound that could clinically restore these im-
paired MSC functions.

Activation of p38 and/or ERK1/2 is required for normal
angiogenesis (27), including endothelial cell migration and
vasculature formation (49, 66). p38 and ERK1/2 activation
also have important roles in VEGF expression in endothelial
cells and MSCs (67, 68). 14S,21R-diHDHA treatment results
in immediate phosphorylation of p38 in wounds, db/db
DMVECs, and MSCs, but not of ERK1/2, in db/db DMVECs
and MSCs (Fig. 6), which suggests that the p38 signaling path-
way is involved in 145,21 R-diHDHA promotion of healing
and angiogenesis in diabetic wounds and MSC angiogenic
functions. The receptor(s) of 145,21R-diHDHA and mecha-
nisms for 145,21 R-diHDHA activation of p38 signaling path-
ways are of interest for our future studies.

As summarized in Scheme 1, our studies reveal that diabe-
tes impedes the formation of 145,21 R-diHDHA in wounds.
Administration of exogenous 14S5,21R-diHDHA rescues dia-
betes-impaired healing, angiogenesis, and associated MSC
functions. These actions of 14S,21R-diHDHA appear to in-
volve the activation of p38-MAPK signaling in endothelial
cells and MSCs. This study identifies the novel lipid mediator,
14S,21R-diHDHA, as an important new lead for developing
better therapeutics in the treatment of diabetic wounds.

The supplemental Fig. S1 shows the detailed isolation and
identification of DMVECs and MSCs from mice. The supple-
mental Fig. S2 demonstrated that 145,21R-diHDHA gener-
ated from 14S-HDHA by h-P450 and separated by chiral LC is
highly pure, confirmed its structure by LC-MS/MS analysis of
its hydrogenated product, and further justified its chiral anal-
ysis using the analogous diastereomers. The supplemental Fig.
S3 shows that several products are generated by h-P450 from
14S-HDHA and are separated from 14S,21R-diHDHA by the
chiral LC. The supplemental Fig. S4 shows 14S,21R-diHDHA
coacts with db/+ MSCs to promote wound healings in db/+
mice. The supplemental Fig. S5 shows the synergistic effect of
14S5,21R-diHDHA and db/+ MSCs on angiogenesis in db/+
mice. The supplemental Fig. S6 shows 145,21R-diHDHA im-
proves the cellular angiogenic processes of db/+ DMVECs.
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